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INTRODUCTION
Polyvinyl acetate (PVAc) has a wide application area as general sensitive adhesives in addition to be used as a constituent in paint, textile, and paper coating products. Depending on the concentration of PVAc, the ethylene polymers find application in a range of areas including high clarity and flexible packaging materials, impact resistant footwear, and adhesives.
Nanoindentation is an effective technique to measure mechanical properties of materials and it can also characterize material behavior at micron/ submicron scale. The fundamentals of nanoindentation have been well-established [1] to measure some properties of elastic-plastic materials. However, PVAc often shows negative unloading slope, giving negative contact stiffness under nanoindentation and as a result, the elastic analysis is not appropriate to extract its viscoelastic properties. In some previous studies, the viscoelastic properties of PVAc have been examined under both linear [2] and [3] and nonlinear [4] states by the use of its time-dependent relaxation modulus and creep compliance. Huang and Lu [5] , carried out some indentation tests on two polymeric materials (PMMA and PVAc) by using both spherical and Berkovich (three-faced) indenters. Using two different indenter shapes, they were able to evaluate two independent material relaxation functions. They employed the method of Lee and Radok [6] to incorporate viscoelastic behavior by implementing hereditary integral operators into the elastic solution expressions that were presented by Sneddon [7] . In nanoindentation, the load and deformation relations (P-h curves) have been studied originally by Hertz [8] and developed by Sneddon et al., with additional studies [7] , [9] and [10] . More recently Kucuk, et al. investigated the nonlinear viscoelastic nanoindentation of polymethyl methacrylate (PMMA) by modeling the complete loading and unloading curves [11] .
In the past several decades, a number of authors have studied constitutive law, which emphasizes the effect of strain-induced increase in the stress relaxation process, to determine the nonlinear viscoelastic response of the polymers.
Shay and Caruthers [12] demonstrated that yield could be calculated using their constitutive equation in numerical simulations of constant extension rate experiments. Knauss and Emri [13] and [14] developed a free volume based constitutive equation. Wineman and Waldron [15] considered the effect of strain on the acceleration of stress relaxation by applying a form of their constitutive equation. By means of the linear viscoelastic operators that are employed in time-dependent integrals, material properties can be determined based on linear mechanics. However, even in the case of elastic materials, it is known that a plastic deformation zone occurs in the specimen underneath the contact area between the nanoindenter tip and test specimen. In most analytical studies on nanoindentation, only the loading portion of the response has been examined to predict the viscoelastic behavior of test materials. Recently, Wang et al. [16] , performed some nanoindentation tests on PVAc to examine the viscoelastic behavior especially in nonlinear viscoelastic region. However, there is a lack of consideration to evaluate the effect of unloading portion of the response on nonlinear viscoelastic behavior of PVAc.
In this study, the nanoindentation tests including a constant loading rate and different unloading rates were performed to predict the nonlinear viscoelastic behavior of PVAc. The Burgers nonlinear viscoelastic model was implemented to ABAQUS/Standard code with a user-defined subroutine. After fitting the loaddisplacement curves to the simulation curves obtained from the Burgers model curves, the nonlinear behavior of PVAc could be predicted under different strain rates.
THEORY
Recently, Chen et al. [17] [18] . The nonlinear viscoelastic behavior under all situations cannot be described by using available nonlinear viscoelastic models in the literature [19] . In this study, a phenomenological model that is generally called four-parameter Burgers model [20] was selected. The theory applied to the Burgers model has been introduced in detail in a paper recently published by Kucuk et al. [11] .
EXPERIMENTAL
PVAc specimen having flat prismatic shape with thickness of 1 mm was cut and fixed properly on the sample tray of indentation device. Then, the nanoindentation test parameters that are necessary to input in first stage of process were recorded on the software provided by the nanoindentation device (Agilent Nano Indenter G200 system).
The nanoindentation tests were carried out with Berkovich indenter tip at the room temperature (23 °C). For the load of 8 mN with a constant loading rate of 0.05 mN/s and five unloading rates (0.05, 0.1, 0.2, 0.4 and 0.8 mN/s) were implemented, respectively. To ensure the consistency of results obtained from loading-unloading steps, twelve nanoindentation tests in a 4×3 grid have been performed. The distance between the neighboring indents (in both X and Y directions) was selected as 100 μm for each indent. All nanoindentation experiments could be started after reaching the drift rate to 0.05 nm/s or below this rate. For simulations, the indenter was modeled as a rigid shell and full integration 3D stress elements were selected for the sample. Fig. 1 shows the mesh of 1/6 symmetric PVAc sample and the nanoindenter tip. 
RESULTS AND DISCUSSION
In this study, the nonlinear viscoelastic behavior of PVAc at different unloading rates was investigated by nanoindentation technique. The viscoelastic materials can exhibit negative stiffness during unloading part of indentation process for slow unloading rates. The Oliver-Pharr method cannot give the modulus under such a condition due to negative unloading stiffness or high unloading stiffness induced by viscoelastic effects. Burgers model parameters that are summarized in Table 1 were determined by curve fitting method between the loading-unloading and Burgers model response curves. Therefore, these material parameters are then used in the nonlinear Burgers model to simulate the nanoindentation under other unloading rates. The constant loading rate of 0.05 mN/s was used for all unloading rates. It can clearly be seen from the simulation results that the model used can capture the negative stiffness during initial unloading (Fig. 2) . According to the load-displacement curves obtained from experiments and simulations, the PVAc specimen used exhibits negative stiffness in both unloading rates of 0.05 and 0.1 mN/s (Figs 2a and b) . This behavior can be explained as creep under a low unloading rate. At the beginning of the unloading portion, the load is almost at maximum and thus, the effect of creep is currently predominant because of the decrease slightly at maximum load. However, this viscoelastic behavior cannot be maintained for higher unloading rate due to the diminishing effect of viscosity (Figs. 2c to e). Another point that must be emphasized here is of the recovery capability of PVAc. After reaching to unloading rate of 0.1 mN/s, PVAc specimen exhibited the positive stiffness and an increase in its capability of recovery was also observed. Consequently, this results support this comment that the unloading rate has strictly effect on the linear and/or nonlinear viscoelastic behaviors of PVAc specimen used.
CONCLUSIONS
In this study, nonlinear viscoelastic behavior of PVAc has been modeled using a nonlinear Burgers model. 
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